3-Hexulose-6-phosphate synthase (HPS) and 6-phospho-3-hexuloisomerase (PHI) are the key enzymes of the ribulose monophosphate pathway. This pathway, which was originally found in methylotrophic bacteria, is now recognized as a widespread prokaryotic pathway involved in formaldehyde fixation and detoxification. Recent progress, involving biochemical and genetic approaches in elucidating the physiological functions of HPS and PHI in methylotrophic as well as nonmethylotrophic bacteria are described in this review. HPS and PHI orthologs are also found in a variety of archaeal strains. Some archaeal HPS orthologs are fused with other genes to form single ORF (e.g., the hpsphi gene of Pyrococcus spp. and the faeB-hpsB gene of Methanosarcina spp). These fused gene products exhibit functions corresponding to the individual enzyme activities, and are more efficient than equivalent systems made up of discrete enzymes. Recently, a novel metabolic function for HPS and PHI has been proposed in which these enzymes catalyze the reverse reaction for the biosynthesis of pentose phosphate in some archaeal strains. Thus the enzyme system plays a different role in bacteria and archaea by catalyzing the forward and reverse reactions respectively.
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Key words: ribulose monophosphate pathway; methylotrophic bacteria; formaldehyde fixation; orotidine 5 0 -monophosphate decarboxylase (OMPDC) suprafamily; pentose phosphate synthesis In the biosphere, CO 2 is fixed into organic compounds by autotrophic microorganisms as well as by green plants in aerobic or anaerobic environments. CO 2 is reduced to methane by methanogens under anaerobic conditions. Methylotrophs, which are microbes that can utilize C 1 compounds of a more reduced form than that of CO 2 as a sole source of energy and carbon, are situated between autotrophs and methanogens. Among the reduced C 1 compounds, methane is very abundant in the natural environment, and methanol and formaldehyde are also ubiquitous in nature in the form of methyl esters of pectin and of the methoxyl group of lignin. Thus C 1 compounds at several oxidation levels, from methane to CO 2 , constitute the principal components of the carbon cycle in the biosphere. These C 1 compounds are utilized by the cooperative action of autotrophs, methanogens, and methylotrophs.
The reduced C 1 compounds are first oxidized to formaldehyde, which is situated at the branch point between further oxidation to CO 2 for energy formation and assimilation for biosynthesis. Therefore the fate of formaldehyde is central to understanding methylotrophic metabolism. 1) Because formaldehyde is highly cytotoxic, methylotrophic microorganisms have adopted several metabolic strategies to deal with the intracellular accumulation of this compound. 1, 2) One such strategy is to trap formaldehyde with a cofactor, such as glutathione, mycothiol, tetrahydrofolate, or tetrahydromethanopterin, before it is oxidized to CO 2 . Alternatively, free formaldehyde can be trapped by sugar phosphates as the first reaction in the C 1 assimilation pathways, the xylulose monophosphate pathway for yeasts and the ribulose monophosphate (RuMP) pathway for methylotrophic bacteria.
3-Hexulose-6-phosphate synthase (HPS) and 6-phospho-3-hexuloisomerase (PHI) are key enzymes in the RuMP pathway, which is involved in formaldehyde fixation in many methylotrophic bacteria. HPS catalyzes the aldol condensation of formaldehyde with ribulose 5-phosphate. The subsequent product, D-arabino-3-hexulose 6-phosphate, is isomerized by PHI to form fructose 6-phosphate. The genes encoding these two enzymes were first cloned from an obligate methylotroph, Methylomonas aminofaciens 77a. 3, 4) These genes have also been cloned from a facultative methylotroph, Mycobacterium gastri MB19, 5) and a thermotolerant methylotroph, Bacillus brevis S1. 6) Initially the RuMP [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 2006 Review pathway was thought to be confined to methylotrophs, 7) but recent data show that the formaldehyde-fixing reaction is more widely distributed. 5, 8) As well as methylotrophic bacteria, genes homologous to HPS and PHI have been found in a variety of non-methylotrophic organisms, including bacteria and archaea.
These findings have raised issues concerning the physiological role of the RuMP pathway, which was thought to be restricted to the fixation of formaldehyde into cellular constituents in methylotrophic bacteria. Indeed, recent biochemical and genetic approaches have shown that the RuMP pathway functions in the detoxification of formaldehyde in some non-methylotrophic bacteria. 9, 10) Moreover, several reports suggest that HPS and PHI catalyze the reverse reactions and may be involved in pentose phosphate synthesis in some archaea whose pentose phosphate pathway is imperfect. [11] [12] [13] [14] [15] In this review, we focus on the microbial and biochemical aspects of the RuMP pathway, and discuss the physiological functions of the pathway in bacteria and archaea.
I. The RuMP Pathway for Formaldehyde Fixation in Bacteria
Methylotrophic bacteria exhibit one of three assimilation pathways, the RuMP pathway, the serine pathway, or the ribulose bisphosphate (RuBP) pathway. 16) The RuMP pathway functions as a highly efficient system for trapping free formaldehyde at relatively low concentrations. 7, 17) The pathway performs the net synthesis of a C 3 compound (pyruvate) from 3 moles of formaldehyde ( Fig. 1) . Formaldehyde is fixed with ribulose 5-phosphate to form D-arabino-3-hexulose 6-phosphate, which is then isomerized to fructose 6-phosphate. These two reactions are catalyzed by HPS and PHI respectively. The fructose 6-phosphate formed is then converted to fructose 1,6-bisphosphate, which is subsequently metabolized into pyruvate via the glycolytic pathway (cleavage stage). Ribulose 5-phosphate, the acceptor of formaldehyde, is regenerated from fructose 6-phosphate and glyceraldehyde 3-phosphate through a combination of transketolase, transaldolase, and several reactions for pentose phosphate isomerizations (regeneration stage). There are two alternative stages for the cleavage of fructose 6-phosphate to C 3 compounds and two stages for the regeneration of ribulose 5-phosphate. The combination of two cleavage and two regeneration stages thus leads to a total of four possible variants of the RuMP pathway.
18) The variant of the RuMP pathway shown in Fig. 1 is actually exergonic on the basis of the following equation:
The other variants are also predicted to be mainly exergonic, being much more efficient than the serine pathway or the RuBP pathway. 7, 18) II. Properties of HPS and PHI HPS has been purified from several methylotrophic bacteria. Some salient properties of this enzyme are given in Table 1 . HPS catalyzes the Mg 2þ -dependent aldol condensation between formaldehyde and ribulose 5-phosphate to form D-arabino-3-hexulose 6-phosphate. In most cases, the K m values for formaldehyde fall within the range of concentrations for tolerance to bacterial growth (1 to 2 mM). The enzyme is usually homodimeric and in each case the subunit molecular mass (22 to 27 kDa) is close to the anticipated value based on the corresponding gene sequence, but HPS from Methylococcus capsulatus is a hexameric enzyme with an unusually large subunit size. Based on the genome sequence, 19) the molecular mass appears to correspond to the product of the hps-phi-fused gene.
By comparison with HPS, the enzymology of PHI is rather poorly documented. This paucity of information arises because the substrate for PHI, D-arabino-3-hexulose 6-phosphate, is very unstable. Consequently, the activity of PHI can be determined only by coupling the reaction with HPS. The phi gene from Methylomonas aminofaciens 77a has been engineered for heterologous expression in Escherichia coli.
4) The apparent subunit molecular mass (20 kDa) of the recombinant PHI corresponded to the anticipated value, and the enzyme was shown to exist as a homodimer. The purified enzyme exhibited PHI activity of 15,400 UÁ mg À1 protein.
Comparison of the relative activities of HPS and PHI indicates that the rate of the sequential reaction is limited by HPS. Recently, the crystal structure of a PHI enzyme (hypothetical protein MJ1247) from the methanogen Methanocaldococcus jannaschii was determined. 20) The PHI protein has an / structure consisting of a five-stranded parallel sheet flanked on both sides by helices, forming a threelayered -sandwich.
III. Reaction Mechanism of Formaldehyde Fixation by HPS
HPS is a member of the orotidine 5 0 -monophosphate decarboxylase (OMPDC) suprafamily. 21) Members of the OMPDC suprafamily, such as OMPDC, 3-keto-Lgulonate 6-phosphate decarboxylase (KGPDC), D-ribulose 5-phosphate 3-epimerase (RPE), and HPS, share a conserved active site architecture although the mechanism of catalysis can vary significantly. X-ray structures of OMPDC and KGPDC from several sources have been elucidated, and the reaction mechanism of each enzyme has been discussed in detail. 22) Their structures reveal that enzymes of the OMPDC suprafamily share the (/) 8 -barrel fold. Although the structure of HPS has not yet been solved, based on the primary amino acid sequence, it is expected to share the (/) 8 -barrel fold. 22) OMPDC catalyzes the synthesis of uridine 5 0 -monophosphate in the final reaction of the de novo pathway for the pyrimidine nucleotides. OMPDC and HPS share neither a common reaction mechanism nor common substrate specificity. According to Yaoi et al., however, amino acid sequence analysis shows that regions I (ALDxxxxxxA) and II (VILxxDXKxxD) of OMPDC, which is involved in substrate recognition (pentose phosphates), are conserved in HPS. 23) KGPDC catalyzes the decarboxylation of 3-keto-Lgulonate 6-phosphate to L-xylulose 5-phosphate in the utilization of L-ascorbate. 24) KGDPC in several bacterial genomes are incorrectly annotated as ''probable hexulose phosphate synthases'' owing to their homology to HPS (30% identity). Both enzymes require Mg 2þ for activity. Based on the reaction mechanism of KGPDC, 22, 25) the mechanism of the HPS-catalyzed reaction is predicted to involve proton abstraction from the 1-hydroxymethylene group of the substrate Dribulose 5-phosphate to generate the enediolate intermediate. Condensation of this intermediate with formaldehyde then yields the product, D-arbino-3-hexulose 6-phosphate (Fig. 2) . HPS catalyzes the KGPDC reaction with high efficiency and KGPDC catalyzes the HPS reaction with low efficiency. 26) Comparison of the amino acid sequence of HPS with the structure of KGPDC reveals that all the functionally important residues in KGPDC are well conserved in HPS. 25, 26) Intriguingly, mutation of four conserved active site residues in KGPDC resulted in a loss of KGPDC activity, but the kinetic constants for HPS activity were greatly increased. 26) This suggests that both KGPDC and HPS are naturally promiscuous for both the decarboxylase and aldol-condensation reaction. The proposed reaction mechanism for HPS as shown in Fig. 2 will probably be verified by structural analysis of the enzyme in the near future. 
IV. Organization and Expression of Genes for HPS and PHI in Methylotrophic Bacteria
Methylotrophic bacteria possessing the RuMP pathway are found in three groups: Gram-negative obligate methylotrophs, Gram-positive facultative methylotrophs, and thermotolerant Bacillus species. We have cloned the genes for HPS and PHI from all three types of methylotrophic bacteria (Fig. 3A) . [3] [4] [5] [6] Although the primary amino acid sequence of HPS and PHI showed a high degree of similarity among these organisms, the gene organization and regulatory mechanism were quite different for the obligate methylotrophs. In the obligate methylotroph, Methylomonas aminofaciens 77a, a transposase (IS10-R), located between hps and phi, is involved in the regulation of the adjacent gene expression. 4) Both hps and phi are expressed monocistronically, and the inside promoters of the IS10-R gene down-regulate the expression of the hps gene and up- regulate the phi gene, respectively. This suggests that the ratio of HPS to PHI is precisely controlled for formaldehyde fixation. This finely balanced system of regulation appears to be present in those organisms that are capable of growing only on C 1 compounds.
The hps and phi genes of facultative methylotrophs are transcribed as a polycistronic operon, and expression is induced by formaldehyde. 5, 6) Induction by a key intermediate of methylotrophic metabolism is indispensable for facultative methylotrophs that grow on diverse carbon sources including C 1 compounds. In Mycobacterium gastri MB19, a putative GntR-family transcriptional regulator, rmpR, is located upstream of the operon (Fig. 3A) , but the molecular mechanism of formaldehyde-induced gene expression in this methylotrophic bacterium is still unclear. Recently, a novel DNAbinding protein was found to be involved in formaldehyde-induced expression of a HPS-and PHIencoding operon in the non-methylotrophic Bacillus subtilis (see below).
27)

V. Detoxification of Formaldehyde by the RuMP Pathway in Non-Methylotrophic Bacteria
Genome sequencing projects of many kinds of bacterial strains have revealed that some non-methylotrophic bacteria possess a RuMP operon. In Bacillus subtilis, the RuMP pathway has been shown to function during growth on a formaldehyde-containing medium.
9)
The hxlA and hxlB genes, coding for HPS and PHI respectively, make up the hxlAB operon. The hxlR gene is located upstream of the hxlAB operon and is transcribed in the opposite direction. 9, 27) Disruption of either the hxlR gene or the hxlAB operon results in a strain that is sensitive to formaldehyde, suggesting that the RuMP pathway acts as a detoxification system for this compound. 9) Recently, the product of the hxlR gene, HxlR, has been shown to act as a transcriptional activator during formaldehyde-induced expression of the hxlAB operon by binding to specific sequences upstream of the hxlAB operon. 27) HxlR is now designated as a transcriptional activator of the ''helixturn-helix, HxlR type'' (Fig. 4A , http://www.ebi.ac.uk/ interpro/IEntry?ac=IPR002577). There are currently more than 270 members of this protein family, which belongs to the superfamily of winged helix DNAbinding proteins (IPR011991). Two 25 bp regions (BRH1 and BRH2) of DNA upstream of the hxlAB operon have been identified as the binding site for HxlR. 27) Surface plasmon resonance analyses indicate that two HxlR dimers bind to BRH1 and BRH2 in two steps (Fig. 4B) . However, the mechanism by which formaldehyde modulates expression of the hxlAB operon remains unclear.
In the course of vanillin degradation by Burkholderia cepacia TM1, formaldehyde is released from the methoxyl group of vanillic acid by oxidative demethylation (Fig. 5) . Engineering the hps and phi genes from Methylomonas aminofaciens 77a for heterologous expression in Burkholderia cepacia significantly improved the rate of vanillin degradation. 10) Furthermore, incorporation of 14 C-labelled formaldehyde into the cell constituents increased after the introduction of the hps and phi genes into Burkholderia cepacia TM1. These results indicate that formaldehyde utilization is ratelimiting during the degradation of vanillic acid. In the engineered strain, the RuMP pathway plays a significant role in the detoxification and assimilation of formaldehyde.
VI. HPS and PHI of Archaeal Strains
Genome sequence analysis of some archaeal strains has revealed the presence of HPS and PHI homologs, although the gene organization is quite different from that in bacteria (Fig. 3B) . In a hyperthermophilic anaerobic archaeon, Pyrococcus horikoshii, hps and phi are encoded in a single open reading frame. In the methanogens, Methanosarcina barkeri and Methanosarcina mazei, a hps-like sequence is fused with the sequence for formaldehyde-activating enzyme (Fae). In these organisms, a gene homologous to phi is present at a different locus from these hps sequences. Each gene has been heterologously expressed in E. coli, and in every case the purified recombinant protein was found to exhibit the corresponding activity. 14, 15) The deduced amino acid sequence of the PH1938 gene from Pyrococcus horikoshii OT3 revealed that the N-and C-terminal halves showed significant similarity to HPS and PHI respectively. Strain OT3 constitutively produced the HPS-PHI fused protein, which exhibited the activity of the sequential HPS-and PHI-catalyzed reactions. This was the first example of an archaeal strain displaying HPS and PHI activities. 14) Unlike most of the bacterial HPS and PHI enzymes, which were soluble and formaldehyde-inducible, the hybrid enzyme from Pyrococcus horikoshii OT3 was found primarily in the particulate fraction and the expression level was unaffected by the addition of formaldehyde to the culture medium. The full-length gene encoding the hybrid enzyme and truncated versions corresponding to the HPS and PHI regions were engineered for expression in E. coli to give active recombinant enzymes, rHps-Phi, rHps, and rPhi respectively. Purified rHps-Phi and rHps were found to be stable at 90 C, whereas rPhi was highly susceptible to heat. This surprising result suggests that the thermostability of the PHI domain of the hybrid enzyme results from fusion with HPS. The activity of the fused protein at 80 C was about 50-fold greater than a mixture of rHps and rPhi on an equimolar subunit basis. Fusion of the two enzymes to form a hybrid presumably increases the efficiency of the net reaction because of a localized increase in the concentration of the product (D-arabino-3-hexulose 6-phosphate) of the HPS-catalyzed reaction within the microenvironment around the PHI component of the hybrid enzyme. This fused enzyme system is particularly advantageous to the hyperthermophile, because the product of the first enzyme, D-arabino-3-hexulose 6-phosphate, is highly unstable at elevated temperatures. 28) The natural fusion of HPS and PHI increases the efficiency of the two sequential reactions and the stability of the individual enzymes against thermal
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Hu6P F6P denaturation in Pyrococcus horikoshii OT3. This suggests that it might be possible artificially to generate active HPS-PHI enzymes by engineering the hps and phi genes from some methylotrophic bacteria. From the viewpoint of biotechnology, such artificial gene fusions are attractive because they simplify the problem of regulating gene expression, can increase the catalytic efficiency of the sequential reaction, and permit enzyme purification in a single process. The existence of natural fused systems also raises some interesting questions concerning the evolution of methylotrophy.
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The methanogenic archaea Methanosarcina barkeri and Methanosarcina mazei have a fused gene ( faeBhpsB) consisting of Fae and HPS. Fae catalyzes the condensation of formaldehyde and tetrahydromethanopterin (H 4 MPT) to methylene-H 4 MPT, and is involved in the oxidation of formaldehyde to CO 2 and in formaldehyde detoxification. 8, 29) The faeB-hpsB genes of Methanosarcina barkeri and Methanosarcina mazei were engineered for expression in E. coli, and the purified recombinant enzymes exhibited Fae and HPS activities. 15) Interestingly, HPS activity of the fused enzyme was not stimulated by the substrate of Fae, H 4 MPT. The physiological role of the fused enzyme is discussed below.
VII. Physiological Role of HPS and PHI in Archaeal Strains
The activity of formaldehyde fixation in Pyrococcus horikoshii OT3 and the kinetic parameters of rHps-Phi are comparable with those of HPS from the thermotolerant methylotroph, Bacillus strain C1. 14) Although the presence of formaldehyde has not been directly determined in a marine hydrothermal vent, from which Pyrococcus horikoshii OT 3 was isolated, 30) its presence would not be surprising. C 1 compounds are found at a variety of redox levels in marine hydrothermal vents (e.g., methane, CO, and CO 2 ). [31] [32] [33] If the original habitat of the archaeon is rich in formaldehyde, an enzyme system capable of fixing this toxic compound is essential for survival of the organism.
Several recent papers suggest that the reverse ''RuMP pathway'' (i.e., sequential reactions by HPS and PHI, but not the whole pathway) might be employed for pentose phosphate synthesis in some archaea, which lack the enzymes of the pentose phosphate pathway. [11] [12] [13] In bacteria and eukarya, pentose phosphates are provided through the pentose phosphate pathway (PPP), but the biosynthesis of pentose phosphates of some archaeal strains is poorly understood. The PPP consists of an oxidative (OPPP) and a non-oxidative branch (NOPPP) (Fig. 6) . Ribulose 5-phosphate, which is the original source of the pentose moiety of nucleotides, is generated from glucose 6-phosphate through the PPP, involving the reduction of two moles of NADP. In the NOPPP, ribulose 5-phosphate is converted to ribose 5-phosphate, a component of nucleic acid, and erythrose 4-phosphate, a biosynthetic precursor of aromatic amino acids. Based on phylogenetic analysis of the genes encoding enzymes of the pentose phosphate pathway and ''the RuMP pathway'' from 13 complete archaeal genomes, Soderberg proposed that the ''reverse RuMP pathway'' might be employed for pentose phosphate synthesis in archaea lacking a NOPPP. 13) In the genome of Pyrococcus horikoshii, genes for OPPP (NAD(P)-dependent glucose 6-phosphate dehydrogenase and NAD(P)-dependent 6-phosphogluconate) and for NOPPP (transketolase, transaldolase, and ribulose-5-phosphate epimerase) are missing. As described above, it is evident that Pyrococcus Intermediates: G6P, glucose 6-phosphate; 6PGL, 6-phosphoglucono--lactone; 6PG, 6-phosphogluconate; Ru5P, Ribulose 5-phosphate; Xu5P, xylulose 5-phosphate; Ri5P, ribose 5-phosphate; S7P, Sedoheptulose 7-phosphate; GAP, glyceraldehyde 3-phosphate; E4P, erythrose 4-phosphate; F6P, fructose 6-phosphate. Enzymes: G6PDH, glucose-6-phosphate dehydrogenase; 6PGL, 6-phosphoglucono--lactonase; 6PGDH, 6-phosphogluconate dehydrogenase; Ru5PE, ribulose-5-phosphate 3-epimerase; RiRPI, ribose-5-phosphate isomerase; TK, transketolase; TA, transaldolase.
horikoshii produces HPS-PHI protein even in the absence of formaldehyde, suggesting that this bifunctional enzyme is involved in the constitutive metabolic activity. Because HPS catalyzes the reverse reaction, 17) HPS-PHI of Pyrococcus horikoshii OT3 might mediate the formation of ribulose 5-phosphate and formaldehyde from fructose 6-phosphate. Indeed, the specific activity of the purified rHps-Phi was 1/7 of the forward reaction. 14) This value appears to be comparable to that of enzymes participating in constitutive metabolic activities. Combined with the biochemical results for rHps-Phi and the phylogenetic analysis of the PPP in Pyrococcus horikoshii, the evidence clearly indicates that the reverse reaction of HPS-PHI is involved in pentose phosphate synthesis.
The biosynthesis of ribulose 5-phosphate by the reverse reaction of HPS and PHI results in the concomitant production of formaldehyde, which must be detoxified. One reliable mechanism for formaldehyde detoxification is the system involving Fae (Fig. 7) . The reaction catalyzed by Fae (condensation of formaldehyde and H 4 MPT to form methylene H 4 MPT) also proceeds spontaneously, although the rate of this spontaneous reaction is insufficient to keep up with the rate of C 1 metabolism. 29) In methylotrophic bacteria, formaldehyde is oxidized (or detoxified) to CO 2 via methylene H 4 PMT, N 5 -formylmethanofuran, and formate.
2) Fae has been found not only in methylotrophic bacteria, but also in methanogenic and sulfate-reducing archaea.
2) As with Pyrococcus horikoshii, the genome sequence of Methanosarcina barkeri shows it to be deficient in enzymes for OPPP and NOPPP. Here again, ribose 5-phosphate is assumed to be formed in the reverse reaction of HPS and PHI. 15) Methanosarcina barkeri possesses two genes encoding Fae, faeA and faeB-hpsB. The latter gene encodes an enzyme with Fae and HPS activities. Kinetic analysis suggests that Fae in Methanosarcina barkeri (also in Methanosarcina mazei) might be involved in the detoxification of formaldehyde generated during the biosynthesis of ribose 5- Interestingly, Pyrococcus horikoshii lacks the gene for Fae. One early candidate enzyme for formaldehyde detoxification in this archaeon was the gene product of formaldehyde ferredoxin oxidoreductase (FOR, Fig. 7 ). FOR from Pyrococcus furiosus oxidizes a variety of aldehydes, including formaldehyde, 34, 35) but the apparent K m for formaldehyde of the purified enzyme is 25 mM, implying that formaldehyde is unlikely to be the physiological substrate. Xavier et al. reported that glucose 6-phosphate was cleaved into a C 5 intermediate (xylulose 5-phosphate) and formate in Thermococcus zilligii.
11) The cleavage of hexose phosphate might be explained by the reverse reaction of HPS, and formaldehyde might be oxidized to formate.
12) More detailed investigation is required to elucidate the formaldehyde detoxification of archaeal strains that do not contain Fae.
VIII. Phylogenetic Analysis of HPS and PHI
There are several different putative functions assigned to the coding sequence for the hps homologs, and some OMPDC enzymes share sequence similarity with HPS. 36) More detailed phylogenetic analysis of the sequences of putative HPS enzymes reveal that members of the OMPDC suprafamily (KGPDC, RPE, OMPDC, and HPS) are clearly clustered together (Fig. 8) . HPS enzymes are divided into six clusters. The methylotrophic origins of HPS enzymes converge in one cluster. Bacterial HPSs are found in clusters HPS (2) and HPS (3), with most methylotrophic enzymes present in HPS (2) . Archaeal HPSs are found in clusters HPS (1) and (4) . Each hps sequence of a methanogen (Methanosarcina barkeri, Methanosarcina mazei, Methanosarcina acetivorans, Methanothermobacter thermoautotrophicum, or Methanocaldococcus jannaschii) is fused with an fae sequence. HPS-PHI orthologs (cluster HPS-PHI) appear in the genomes of hyperthermophilic anaerobic archaea, such as Pyrococcus horikoshii, Pyrococcus furiosus, Thermococcus kodakaraensis, and Pyrococcus abyssi.
The enzymes, which have been assigned to PHI, are branched into two clusters, L-xylulose 5-phosphate 3- epimerase (XPE) and PHI enzymes (Fig. 9) . XPE catalyzes the epimerization of L-xylulose 5-phosphate to L-ribulose 5-phosphate after the reaction catalyzed by KGPDC in the utilization of L-ascorbate.
24) XPE, listed in Fig. 9 , and KGDPC, listed in Fig. 8 , make up operons like HPS and PHI. The PHI enzymes are clearly divided into the bacterial enzymes and archaeal enzymes. These organisms, which appear in the clusters of HPS and PHI, have homologous genes for both HPS and PHI, implying that the two genes evolved as a pair. Although not every HPS or PHI ortholog has been checked for activity, at least one of the orthologs in each cluster has been functionally determined. Thus an organism in the clusters of HPS or PHI is regarded as possessing the complete or partial RuMP pathway.
IX. Conclusion and Outlook
In bacteria, HPS and PHI are induced by formaldehyde and function in C 1 compound assimilation of methylotrophs or formaldehyde detoxification of nonmethylotrophs. In the archaeal stains, HPS and PHI activities are expressed constitutively. Phylogenetic analysis of archaeal genomes has revealed a novel function of the enzyme system in which the reverse reaction is employed for the biosynthesis of pentose phosphates. This finding is consistent with the enzymology of archaeal HPS and PHI.
The discovery of reactions dependent on H 4 MPT in Methylobacterium extorquens AM1 brought about the important realization that the metabolism of aerobic methylotrophy and anaerobic methanogenesis involve common genes that cross bacterial/archaeal boundaries. 37) In this case, knowledge gained from archaea was used to explain bacterial metabolism. By contrast, genetic information concerning HPS and PHI from aerobic bacteria has served to elucidate a novel glycolic pathway in Archaea involving the reverse reactions of OMPDC, orotidine-5 0 -monophosphate decarboxylase; KGPDC, 3-keto-L-gulonate-6-phosphate decarboxylase; RPE, D-ribose-5-phosphate-3-epimerase. Accession nos. to the protein database are shown in parentheses. Am., Aminomonas; Ap., Aeropyrum; Arc., Archaeoglobus; B., Bacillus; Bb., Brevibacillus; C., Clostridium; E., Escherichia; H., Haemophilus; K., Klebsiella; Mec., Methylococcus; Mem., Methylomonas; Metc., Methanocaldococcus; Metp., Methanopyrus; Mets., Methanosarcina; Mett., Methanothermobacter; Myc., Mycobacterium; Myp., Mycoplasma; P., Pseudomonas; Pa., Pasteurella; Pla., Plasmodium; Pyb., Pyrobaculum; Pyc., Pyrococcus; Sal., Salmonella; Sta., Staphylococcus; Str., Streptococcus; Su., Sulfolobus; T., Thermococcus; Tp., Thermoplasma; V., Vibrio.
both enzymes. In order to confirm the proposed pathway in archaea, more detailed biochemical and microbiological studies are required.
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